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ABSTRACT

We describe a 3D anelastic MHD code for modeling the subsonic dynamic

processes in the solar convective envelope. Using this code, we first simulate the
rotating solar convection in a spherical shell domain with radius r extending from

the bottom of the convection zone to 20 Mm below the photosphere, latitude from
−60◦ to 60◦, and longitude from 0◦ to 360◦.

1. Introduction

2. The Numerical Model

We solve the following anelastic MHD equation in a spherical shell domain:

∇ · (ρ0v) = 0, (1)

ρ0

[

∂v

∂t
+ (v ·∇)v

]

= 2ρ0v × Ω −∇p1 + ρ1g +
1

4π
(∇× B) × B + ∇ · D (2)

ρ0T0

[

∂s1

∂t
+ (v ·∇)(s0 + s1)

]

= ∇ · (Kρ0T0∇s1)− (D ·∇) ·v +
1

4π
η(∇×B)2 −∇ ·Frad (3)

∇ · B = 0 (4)

∂B
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γ

p1

p0

, (7)

where s0(r), p0(r), ρ0(r), T0(r), and g = g0(r)r̂ denote the profiles of entropy, pressure,
density, temperature, and the gravitational acceleration of a time-independent, reference

state of hydrostatic equilibrium and nearly adiabatic stratification, cp is the specific heat

capacity at constant pressure, γ is the ratio of specific heats, and v, B, s1, p1, ρ1, and
T1 are the dependent variables of velocity, magnetic field, entropy, pressure, density, and

temperature to be solved that describe the changes from the reference state. In equation
(2), Ω denotes the solid body rotation rate of the Sun and is the rotation rate of the frame

of reference, where Ω = 2.7 × 10−6rad s−1, and D is the viscous stress tensor:

Dij = ρ0ν

[

Sij −
2

3
(∇ · v)δij

]

, (8)

where ν is the kinematic viscosity, δij is the unit tensor, and Sij is given by the following in

spherical polar coordinates:
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. (14)

Futhremore, K in equation (3) denotes the thermal diffusivity, and η in equations (5) and
(3) denotes the magnetic diffusivity. The last term in equation (3) is a heating source term

due to the radiative diffusive heat flux Frad in the solar interior, where

Frad =
16σsT0

3

3κρ0

∇T0, (15)

and σs is the Stephan-Boltzman constatn, κ is the Rosseland mean opacity.

Using equations (6) and (7) to express ρ1 in terms p1 and s1 in equation (2), and after

some manipulations using the ideal gas law and hydrostatic balance for the reference state,

•  Finite-difference Spherical Anelastic MHD (FSAM) code solves the following 
anelastic MHD equations in a partial spherical shell domain: 
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A convective dynamo simulation	

(Fan and Fang 2014, ApJ, in press)	


	

	


	

• Convection is driven by the radiative diffusive heat flux as a source term in the entropy 
equation:	


•  The boundary condition for s1:	

	


•  The velocity boundary condition is non-penetrating and stress free at the and the top, bottom 
and θ-bondaries	


•  For the magnetic field: perfect conducting walls for the bottom and the θ-boundaries; radial 
field at the top boundary	


•  Angular rotation rate for the reference frame                                   , net angular momentum 
relative to the reference frame is zero.	
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at the bottom 
∂s1
∂r

= 0, and a latitudinal gradient is imposed :  
∂s1
∂θ
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at the top s1 is held fixed, and s1 is symmetric at the θ - boundaries

€ 

• Simulation domain r∈ 0.722Rs, 0.971Rs( ),  θ ∈ π /2 −π /3, π /2 +π /3( ),  φ ∈ 0,2π( )
• Grid :  96 × 512 × 768, horizontal res. at top boundary 2.8 Mm to 5.5 Mm, vertical res. 1.8 Mm

• K = 3 ×1013  cm2s−1,  ν =1012  cm2s−1,  η =1012 cm2s−1,  at top and all decrease with depth as 1/ ρ

€ 

Ω = 2.7 ×10−6rad/s
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Consistent with Model S of JCD: the entropy 
gradient at 0.97Rs is ~10-5 erg g-1 K-1 cm-1	
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Re = urms /νk f ≈  130 to 50 from bottom to top
Co = 2Ω /urms,all k f ≈1.3, where k f = 2π /(ro − ri)
Ro = urms,all /Ωl ≈ 0.74, where l = Hp  at bottom
Compared to Kapyla et al. (2012) :
Re = 36
Co = 7.6

Our dynamo is in a much less rotationally 
constrained regime compared to Kapyla et al.
(2012), Nelson et al. (2013), Augustson et al. 
(2013).	
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Differential rotation in cool stars L79

Figure 4. (a) αe as a function of Roc and (b) as a function of Roℓ. All the
numerical models have Nρ = 10−2 and η = 0.6.

3.2 Zonal flow bistability

We find several cases of bistability where the two kinds of differ-
ential rotation are stable at identical parameters (i.e. Ra, E and Pr)
when Roc ∼ Roℓ ∼ 1. The initial condition then selects which differ-
ential rotation profile will be adopted by the converged solution. As
shown in Fig. 5, starting from a model with a solar-like differential
rotation and increasing Roc (or Roℓ) maintains a solution with the
same kind of differential rotation for 0.5 < Roℓ < 1.3 before falling
on the other branch at higher Roℓ. Alternatively, if one initiates this
model with αe < 0 and decreases Roc, the solution may remain on
that branch. Once again, the Pr dependence on the bistability region
seems to be better captured when one considers Roℓ instead of Roc.
The hysteresis loop is relatively narrow for E = 10−3 and becomes
wider at E = 3 × 10−4. At E = 10−4, it becomes numerically too
demanding to further investigate the extent of the two branches.
Hence, an Ekman number dependence cannot be completely ruled
out and the extent of the bistability region might increase further
when E is lowered.

3.3 Magnetic field influence

To investigate if the zonal flow transition is affected by the presence
of magnetic field, we compute two sets of Boussinesq models with
η = 0.35: one consists of non-magnetic cases, while the other con-
tains their dynamo counterparts. Fig. 6 shows that in both cases the
transition between regimes I and II occurs around Roℓ ∼ 1. Due to
the influence of the magnetic field on the convective flow velocity
and length-scale, the exact value of Roℓ at the transition is slightly
lower in the dynamo models. In the rotation-dominated regime,
the magnetic cases have significantly weaker zonal flows than the
non-magnetic ones. In contrast, hydrodynamical and dynamo mod-

Figure 5. (a) αe as a function of Roc and (b) as a function of Roℓ. Selection
of numerical models with Nρ = 10−2 and η = 0.6 to illustrate the bistability
of the zonal flow. The dependence on the initial conditions (IC) is shown by
different symbol fill styles. The blue arrows indicate possible continuation
of the hysteresis loop for the E = 10−4 cases.

Figure 6. αe as a function of Roℓ for non-magnetic and magnetic (Pm = 1)
models with Nρ = 0, η = 0.35, E = 10−4 and Pr = 1.

els yield similar zonal flow amplitude in regime II, confirming the
previous findings by Soderlund et al. (2013). These differences can
be attributed to the relative efficiency of the magnetic braking. The
quenching of the differential rotation by Lorentz forces is indeed
more pronounced when the magnetic field has a significant large-
scale contribution (Roℓ < 1; Yadav, Gastine & Christensen 2013).

4 D ISCUSSION

We investigate the transition between solar-like and antisolar dif-
ferential rotation in rotating spherical shells. We extend previous
studies (GW12; GWA13) with a new set of models which cov-
ers a broader range of control parameters. We also include models
published by various groups in our analysis.

From this set of simulations, we confirm previous findings that
the direction of differential rotation is determined by the value
of the convective Rossby number defined as Roc =

√
Ra E2/P r .

In the rotation-dominated regime (regime I, Roc < 1), the differ-
ential rotation is solar-like, i.e. the equator rotates faster than the
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Gastine et al. (2014)	

•  Transition between solar-like and anti-solar differential rotation takes place at Ro ~ 1:	


•  Presence of the magnetic field suppresses convection, making the flow more rotationally 
constrained, and changes the Reynolds stress transport of angular momentum:	
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Ro = urms,all /ΩHp
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dynamo :  Ro = 0.74
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HD :  Ro = 0.96
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HVHD :  Ro = 0.71
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Examples of strong flux emergence events	
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•  Conform to Hale’s rule 
by 2.4 to 1 in area	

•  Tilt angle 7.5◦ ± 1.6◦ 	
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ρ1 /ρ0 ≈ −1.6 ×10−5,   p1 / p0 ≈ −1.1×10−5,   T1 /T0 ≈ 0.5 ×10−5

Vφ ≈129 m/s relative to mean zonal velocity of the latitude (15o )





Summary	

•  A 3D convective dynamo in the rotating solar convective envelope driven by the radiative heat 

flux produces a large-scale mean magnetic field that exhibits irregular cyclic behavior with 
oscillation time scales ranging from about 5 to 15 years and undergoes irregular polarity 
reversals 	


•  The mean axisymmetric toroidal magnetic field peaks at the bottom of the convection zone, 
reaching a value of about 7000 G. Including the fluctuating component, individual channels of 
strong field reaching 30kG are present.	


•  The presence of the magnetic fields plays an important role in the self-consistent maintenance 
of the solar-like differential rotation. In several ways acts like an enhanced viscosity:	

-  Suppress large scale convection, make it more rotationally constrained à outward 

transport of angular momentum by the Reynolds stress.	

-  Take up the main role of balancing the Reynolds stress transport with the Maxwell stress 

transport.	

-  Reduce the downward kinetic energy energy flux 	

	


•  In the midst of magneto-convection, we found occasional emergence of strong super-
equipartition toroidal flux bundles near the surface, exhibiting properties that are similar to 
emerging solar active regions. They are not rising in isolation from the bottom of the CZ, but 
are product of continued reconnection and shear amplification by local flows in the bulk of CZ. 	




Integra(on	  of	  FSAM	  into	  SWMF	  (work	  in	  progress)	  

•  Fang	  Fang	  has	  rewri:en	  FSAM	  completely	  following	  standards	  and	  
conven(ons	  of	  other	  exis(ng	  components	  in	  SWMF	  such	  as	  EE	  

•  FSAM	  has	  been	  put	  into	  SWMF	  as	  the	  CZ	  component,	  but	  is	  not	  yet	  
part	  of	  default	  download.	  
–  Can	  be	  checked	  out	  from	  CVS	  specifically	  under	  CZ	  directory:	  
	  “cvs	  co	  FSAM”	  

–  The	  checked	  out	  version	  of	  FSAM	  is	  set	  up	  to	  work	  on	  
Yellowstone/NWSC	  so	  far.	  	  Need	  to	  work	  out	  a	  general	  way	  to	  
compile	  the	  FISHPAK	  library	  for	  different	  compiler.	  







